Introduction
The analysis of correlations in DNA sequences is an important complement to experimental studies. Since several complete genomes are available now, a careful analysis of sequence periodicities can help to understand structure and function of genomic DNA. For example, the 3 bp periodicity *To whom correspondence should be addressed in protein coding DNA is widely used to find exons in newly sequenced DNA (Fickett and Tung, 1992) and correlations over thousands of base pairs are discussed in connection with chromosomal organization (Elton, 1974; Bernardi et al., 1985) .
In this paper we analyze 10-11 base pair (bp) oscillations in complete genomes of yeast, bacteria, and archaea. In addition to the period 3 oscillations, the correlation functions in Figure 1 exhibit pronounced oscillations with a period of 10-11 bp. Such periodicities have been described already in Widom (1996) and Herzel et al. (1998a) . However, the interpretation of these oscillations remained vague. Our paper is devoted to the interpretation of these periodicities in relation to protein structure and DNA folding.
We discuss two possible origins of 10-11 bp oscillations. On the one hand, the alternation of hydrophobic and hydrophilic amino acids (aa) in α-helices leads to a periodicity of about 3.5 aa in protein sequences (Garnier et al., 1978; Kanehisa and Tsong, 1980) , which corresponds to 10-11 bases in DNA sequences (Zhurkin, 1981) . On the other hand, the helical periodicity of DNA is about 10.5 bp. Consequently, signals for DNA folding show periodicities of 10-11 bp as well (Trifonov and Sussman, 1980) . It is the aim of this paper to separate these two different sources as a prerequisite of a detailed discussion of DNA supercoiling. We show in Section 3 that protein-induced correlations affect mainly the first 3 peaks around 10, 21, and 31 bp. The peaks beyond 35 bp reflect primarily the curvature of DNA. This will be discussed in detail in Sections 4 and 5. 
The probability of the single nucleotide A is denoted as p A . If the nucleotides at a distance k are statistically independent we find p AA (k) = p A · p A . Thus the difference
measures correlations at a distance of k base pairs. A positive peak of C AA implies that there are more A-A pairs at that distance k than expected by chance. Correlation functions of protein-coding DNA show a strong period 3 due to the genetic code. Widom (1996) separates this periodicity from periods of 10-11 bp by spectral analysis. We apply simply a 3 bp running average to remove the period 3:
Figure 1 illustrates that such a procedure highlights the periodicities of interest.
There are 9 independent correlation functions for DNA sequences (Herzel and Große, 1995) . Consequently, we analyzed various pair correlations such as C AA , C GG , C AC , etc. It turns out that 10-11 bp oscillations are most pronounced for correlation functions that involve A or T. We find C AA ≈ C TT and C AT ≈ C TA . Hence, we plot in Figure 1 the sums C AA + C TT and C AT + C TA to improve the signal-to-noise ratio. Moreover, we present correlation functions C WW of weakly binding nucleotides A or T. In many cases this choice gives the strongest oscillations with a period of 10-11 bp.
We consider also correlations between pairs of dinucleotides in connection with DNA bending. Furthermore, we present in the next section correlation functions of amino acid sequences. For this purpose we count, for example, pairs of hydrophobic amino acids as a function of the distance k. The systematic error (bias) due to the finite lengths of the sequences has been removed according to the formulae given in (Weiss and Herzel, 1998) .
In order to extract the periods T of observed oscillations we use nonlinear curve fitting. Trends are described by a parabola and the oscillations are fitted by a cos-function with exponential decay:
The free parameters a i and the period T are then obtained by least-square fits.
Protein-induced oscillations
It is well known that amino acid sequences of native proteins exhibit periodicities (Garnier et al., 1978; Kanehisa and Tsong, 1980) . In particular, α-helices are characterized by an alternation of hydrophilic and hydrophobic amino acids in a distance of 3-4 amino acids (Hobohm and Sander, 1995) . Leucine zippers and coiled-coils show, for instance, such periodicities.
In Figure 2 we present correlation functions averaged over all yeast proteins. Details regarding the calculation of correlation functions from sets of protein sequences have been described elsewhere (Weiss and Herzel, 1998) . The hydrophobic amino acids L, I, V, F, and M have preferred distances of k = 3,4,7,11. The dashed line indicates that the hydrophobic residues oscillate out-of-phase with the hydrophilic residues D, E, K, and Q. We have shown that these periodicities are indeed strong in α-helix rich proteins and not significant in β-sheet rich proteins (Weiss and Herzel, 1998) . Since the typical length of an α-helix ranges from 5 to 15 residues, there is a fast decay of the oscillations in Figure 2 . As the genetic code is degenerate, it is not obvious that these periodicities in protein sequences induce periodicities in the corresponding DNA sequences. There is, however, a peculiarity of the genetic code that implies a direct correspondence of protein and DNA correlations. The middle letter of the codons is closely related to the physical properties of the amino acid (Woese et al., 1966) . More specifically, all five hydrophobic amino acids L, I, V, F, and M have a T at that position and the hydrophilic amino acids D, E, K, and Q possess an A in the middle of all their codons. That is why we have chosen just these amino acids in Figure 2 . Due to this peculiar feature of the genetic code the oscillations shown in Figure  2 should be visible in DNA sequences as well. In order to verify this claim we perform the following numerical experiment as in Zhurkin (1981) . We translate the protein sequences back to DNA-like sequences by using a uniform codon usage, i.e., codons are selected randomly with equal probability for each codon. The resulting oscillations in Figure 3 resemble clearly some of the periodicities in the yeast genome shown in Figure 1 . In particular, the out-of-phase oscillations of C AA + C TT and C AT + C TA are reproduced.
The similarity of the actual oscillations of yeast DNA in Figure 1 and the artificial sequences in Figure 3 is, however, restricted to the first 3 periods. The long-ranging correlations in the lower graph of Figure 1 cannot be explained solely by protein structure.
Recently, we confirmed this claim by studying separately correlations in the three frames of coding DNA (Herzel et al., 1998b) . As expected from the discussed peculiarity of the genetic code, protein correlations affect mainly the second position of codons and are extended over a few periods only. Weiss and Herzel (1998) in order to demonstrate the significance of the first peaks.
On the contrary, periodicities in the third position extend to as far as 100 bp.
Nucleosomal patterns in the yeast genome
The main results of the preceding sections can be summarized as follows. There are 10-11 bp periodicities due to proteins but these oscillations are restricted to the first 3 peaks of the correlation functions. The oscillations beyond 35 bp (cf. Figure 1) can be attributed to DNA structure. In eukaryotes DNA is wrapped in a left-handed toroidal superhelix around the nucleosome core (van Holde, 1988) . This is associated with a slight decrease of the helical period. Estimations of the helical period are in the range of 10.0 to 10.5 bp. These numbers have been derived from digestion experiments (Drew and Travers, 1985) or from an alignment of nucleosomal sequences (Ioshikhes et al., 1996) . Here we present estimations of nucleosomal periodicities from the whole yeast genome which turn out to be consistent with earlier estimates.
As described in the Methods section we analyze the sequence periodicities with nonlinear curve fits. Figure 4 shows the result of such a fit leading to a period of 10.2 bp. Quite similar estimates of the period result from dinucleotide correlation functions or roll-roll correlation functions (not shown).
Closer examination of Figure 4 reveals a peculiar feature of the pattern -there seems to be a phase shift in the middle of the k-range. The maxima around 55 bp are only 8 bp apart. Since this phenomenon was found in various correlation functions, it does not seem to be just a statistical fluctuation. Separate fittings of the first peaks of the curve in the Figure  4 and of the remaining peaks result in somewhat higher values for the nucleosome DNA periodicity (data not shown) which is consistent with the latest weight average estimate of the nucleosome DNA periodicity 10.39 bp which is derived from 8 independent measurements (Trifonov, 1995) . Now we discuss possible explanations of the phase shift in Figure 4 . First, the DNA path around nucleosomes is not necessarily a continuous superhelix. Zhurkin (1985) discussed, for example, nonuniform bending around the nucleosomal core.
In addition to such INTRAnucleosomal deviations from a regular superhelix, also INTERnucleosomal correlations can cause the phase shift. Indeed, linker lengths of 8 bp, 10.5+8 bp, 21+8 bp and so on (rather than, say, mere multiples of 10.5 bases) have been observed as typical values both experimentally (Noll et al., 1980) and by sequence-directed mapping of the nucleosomes (Mengeritsky and Trifonov, 1983) . They correspond to the midpoints of sterically allowed ranges of rotations of the closely neighboring nucleosomes around their connecting linkers (Ulanovsky and Trifonov, 1986) . Such displacement between neighboring nucleosomes (2.5 bases off the 10.5 base ladder) would result in the apparant phase shift as in Figure 4 .
The observed oscillation, therefore, can be related even in detail to chromatin structure, and is consistent with earlier results on nucleosome sequence periodicities.
Supercoiling in eubacteria and archaea
In prokaryotes DNA is not packed as tightly as in eukaryotic chromatin. It is, therefore, particularly interesting that pronounced 10-11 bp oscillations appear in prokaryotes as well (Herzel et al., 1998a; Tomita et al., 1998) . In this section we discuss these periodicities in connection with the supercoiled state of genomic DNA which is important for its replication, recombination and transcription (Wang, 1996) .
It turns out that for eubacterial DNA the bases A and T nearly oscillate in phase and, therefore, we study primarily autocorrelations of weakly binding nucleotides termed WWcorrelations. The resulting oscillations in Figure 5 are highly significant since autocorrelation functions of random sequences of the same length have standard deviations below 0.0003 (Weiss and Herzel, 1998) compared to observed amplitudes up to 0.003. The high number of peaks allows, moreover, a fairly accurate estimation of the corresponding periods. The estimated periods are summarized in Table 1 . In the case of B. subtilis the oscillations are less regular (grey line in Figure 5 ), presumably due to inhomogeneities of the genomes due to phages, varying codon usage or repeats. Nevertheless, the fitting procedure leads to a reasonable estimate of the period T. We estimated the periods from the correlation functions in the range from 38 to 105 bp via nonlinear curve fitting (see Methods section). Distances below 38 bp are excluded to avoid dominance of protein correlations. The left column refers to correlations of weakly binding nucleotides (A or T) whereas the middle column is obtained from correlations of AA or TT dinucleotides. In the case of Methanobacterium thermoautotrophicum the dinucleotide correlation functions exhibit no clear periodicities.
The helical period of free DNA is about 10.55 bp (Trifonov, 1998) . Inspection of Figure 5 and Table 1 reveals, however, that the periods of bacteria and archaea deviate significantly from the value for the helical repeat for free DNA, 10.55 bp. For example, the ninth peak around 100 bp in the upper graph implies a period of about 11 bp. For archaea (lower graph) the peak at 100 bp is already the tenth peak which corresponds to a period of about 10 bp. Least square fits of the averaged correlation functions gave periods of 11.36 bp for bacteria and 10.01 bp for archaea (Herzel et al., 1998b) . These periodicities have been confirmed also by spectral analysis. Moreover, the estimated periods in Table 1 provide clear evidence that bacteria typically have periods above 11 bp whereas the analyzed thermophilic archaea have periods of about 10 bp.
Sequence periodicities (such as periodically placed AA dinucleotides) having the helical period are associated with curved DNA -a local flat arc. When the sequence period is not exactly equal to the DNA helical period, the sequencedependent DNA curvature turns into superhelical writhe. According to Crick's formula for helical DNA trajectories (Crick, 1976) , periods above 10.55 bp generate negatively supercoiled DNA whereas lower periods induce positive supercoiling. In this way DNA periodicities may stabilize and synchronize the supercoiled state introduced by proteins or topoisomerases. Therefore, sequence periodicities reflect the characteristic superhelical density of genomic DNA.
For bacterial DNA the superhelical density is negative (Vologodsky, 1992), i.e. the DNA is underwound. Indeed, the observed sequence periodicity of about 11 bp is clearly above the equilibrium helical period as expected.
Similarly, the 10 bp sequence periodicity of archaeal DNA can be interpreted as a reflection of supercoiling of opposite sign, i.e. positive supercoiling. Since high temperatures increase the helical repeat slightly (Depew and Wang, 1975 ) a sequence periodicity of 10 bp indicates a substantial overwinding of DNA that would contribute to DNA stabilization at high temperatures (Kikuchi and Asai, 1984) .
So far, there is no direct experimental information available about the superhelical state of genomic DNA in archaea. There are, however, strong indications for positive supercoiling:
Archaeal plasmids and a virus-like particle from Sulfolobus are positively supercoiled (Lopez-Garcia and Forterre, 1997; Nadal et al., 1986) . Moreover, hyperthermophilic archaea possess reverse gyrase activity which generates positive supercoiling of DNA (Kikuchi and Asai, 1984) . Finally, histone-like proteins have been found in various archaea (Pereira et al., 1997) . These histones when bound to DNA form nucleosome-like structures (NLS) and introduce toroidal supercoils in DNA (Musgrave et al., 1991) . Despite many experimental studies the handedness of the supercoils in genomic DNA of archaea has not been determined yet (Pereira et al., 1997) .
Our statistical analysis of complete genomes provides evidence that genomic DNA of thermophilic archaea exhibits positive supercoiling. The significantly different periodicities of bacteria and archaea (compare Figure 5) give further justification of the three-domain concept -archaea, bacteria and eucarya (Woese et al., 1990; Ouzonis et al., 1995) . Since reverse gyrase is present also in thermophilic eubacteria (Bouthier de la Tour et al., 1991) , the positive supercoiling might be a thermophilic feature. In order to decide whether or not positive supercoiling is an archaeal or a thermophilic feature, forthcoming genomes of mesophilic methanogens and thermophilic eubacteria have to be analyzed along the lines of this paper.
Summary
We have shown that correlation functions of complete genomes reveal pronounced oscillations with periods in the range of 10-11 bp. These periodicities appear in nucleotidenucleotide as well as in dinucleotide-dinucleotide correlation functions. Partly, the ocsillations could be traced back to correlations in protein sequences. However, we attribute the periodicities beyond the first three peaks to signals which reflect the folding of DNA. For yeast the earlier predicted nucleosomal sequence patterns are confirmed. For bacteria and archaea, a significant deviation from the equilibrium period for free DNA of 10.55 bp is found. We emphasize, that these deviations reflect the supercoiled state of genomic DNA. Indeed, the negative supercoiling of eubacteria is consistent with a sequence periodicity of 11 bp. For archaea, however, the supercoiled state of genomic DNA is disputed (Pereira et al., 1997) . The observed period of 10 bp suggests positive supercoiling for thermophilic archaea.
